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Overt metastases represent the culmination of a complex series of potentially rate-regulating steps and the present work attempts to quantitate particular stages of the metastatic process in animals bearing tumours of different metastatic potential. These studies document the numbers of cancer cells shed into the circulation from i.m. tumours throughout tumour growth using a novel technique for separation of cancer cells from other blood components. Correlation is also sought between the numbers of spontaneously shed cells and the arrest and retention of injected cancer cells in the pulmonary vasculature, as well as their subsequent progression into overt lesions.
Materials and methods

Animals and tumours
The Lewis lung carcinoma and B16 melanoma (wild type) were routinely transplanted in C57B1/6J mice aged 8-10 weeks (Jackson Labs., Maine). Single-cell suspensions of each tumour type were prepared by incubation of minced tumour tissue with a solution containing 0.25% neutral protease (Type IX, Sigma, Missouri), 0.25% collagenase (Type IV, Sigma, Missouri) and 0.02% DNAse (Deoxyribonuclease I, Sigma, Missouri) in Hanks' balanced salt solution (HBSS) 
Retention of radiolabelled cells
Tumour cells isolated by enzymic dissociation of solid tissues as described above were cultured for 24h in appropriate culture medium containing 10% foetal calf serum and a maximum of 0.1 UCi1251-5-iodo-2'-deoxyuridine (IdU, Sp. act. 5.2-5.8 Ci mg -1, Amersham Searle, Arlington Heights) per ml of culture fluid. Adherent cells were then detached by exposure to HBSS containing 0.25% trypsin and 0.25% EDTA, for 2-3 min at 37°C. Tumour cells were washed in HBSS, filtered to remove clumps and adjusted to 5 x 106 cells ml-l serum-free PBS, pH 7.3. The suitability of IdU as a stable, little re-utilized label for in vivo localization of cells (Hofer et al., 1969) has previously been revalidated in this laboratory (Weiss & Glaves, 666 D. GLAVES 1976) and similar conditions have been used by others to radiolabel enzymically-dissociated tumour cells prior to in vivo localization studies (Proctor et al., 1979) and 20-fold greater concentrations of IdU had little effect on the clonal growth of B16 melanoma cells (Fidler, 1970) . Also comparable radiolabelling conditions used by others (Bishop et al., 1981) The efficiency of the separation technique was determined by subjecting mixtures of normal blood and known numbers of enzymically-dissociated B16 or Lewis cells to the separation procedures.
Results
Spontaneous metastases
The frequency of spontaneous pulmonary metastases from i.m. B16 and Lewis tumours is given in Table I . All mice bearing the Lewis lung carcinoma developed metastases but only 22% of mice developed B16 melanoma metastases, with a maximum of 2 overt nodules.
Lung colonization Table I also shows the pulmonary retention patterns of cells from each tumour in tumourbearing mice. Five minutes after cells were injected, similar numbers of melanoma and carcinoma cells were initially arrested in the lungs and the subsequent rates at which these cells were cleared from the pulmonary vasculature were also similar over the following 6 h period. However, by 24 h post-injection there were more than twice as many melanoma as carcinoma cells still retained in the lungs. In parallel with retention studies, experiments were made to assess the overall lung colonization potential of the 2 tumours by i.v. injection of 105 of non-radiolabelled cells and counting of overt nodules developing -3 weeks later. The results in Table I show that 100% of mice developed lung nodules following injection of B16 melanoma cells CIRCULATING CANCER CELLS AND METASTASIS Figure la shows the numbers of tumour cells detected in the circulation of Lewis carcinoma-bearers as a function of tumour age and tumour diameters are also given in Table II . Circulating Lewis carcinoma cells were detectable as early as one day of primary tumour growth and although histology confirmed the presence of i.m. tumour nodules of -0.9mm mean diameter at this time, it is possible that the trauma accompanying the initial injection resulted in immediate intravasation of some cancer cells. There was a gradual rise in the numbers of carcinoma cells until day 11 of tumour growth after which there was a sharp increase with peak numbers of up to 5.2 x 104 cells ml -1 detectable between 19 and 21 days of tumour growth. There was considerable variation in the numbers of Lewis cells isolated from individual mice as shown in Table II . Approximately 22 days after Lewis cells were inoculated, tumour-bearing mice became progressively moribund and the longest survival time was 25 days. During this time, the numbers of Lewis carcinoma cells in the blood dropped sharply until a median of only 139 cells per ml could be detected on the last day of assay.
The Lewis lung carcinoma cells isolated from tumour-bearer blood included clumps of closely apposed carcinoma cells ranging from 2-15 cells per clump. Figure lb shows the median numbers of clumps (details in Concanavalin A-induced clumps and the recovered cells contained 27 + 4% clumps. Therefore, although in all experiments there was a cell loss as described earlier, there was no disproportionate loss of cell clumps. In addition to homogeneous clumps, heterogeneous aggregates of both single and clumped carcinoma cells together with as many as 8 leukocytes were seen. An average of -99% of these leukocytes were small to medium-sized lymphocytes with occasional monocytes or macrophages whilst polymorphonuclear leukocytes were rarely seen. The proportions of Lewis carcinoma cells with attached leukocytes varied between 0 and 75% (Table II) and the median values are summarized in Figure Ic . The majority of both homogeneous and heterogeneous clumps were unlikely to be generated during isolation procedures since blood samples deliberately seeded with similar numbers of Lewis cells to those present in tumour-bearer blood yielded an average of 2±1 clumps per ml and only 4.5+1.2% of cells had attached leukocytes.
Cancer cells were also separated from pooled blood samples from groups of 10 Lewis lung carcinoma-bearing mice after 18-21 days of tumour growth. Both this tumour system and experimental conditions were selected to obtain enough cancer CIRCULATING CANCER CELLS AND METASTASIS (Figure ld) .
The results of experiments with mice bearing B16 melanomas showed that melanoma cells also appeared in the circulation of a proportion of mice within 3 days of primary tumour growth as indicated in Table II and summarized in Figure 2a . The numbers of cells increased gradually with a peak at 20 days at approximately the same time as in the Lewis carcinoma system but the maximum numbers of melanoma cells were far less (5 x 103 ml-1). Lewis lung carcinomas grew at faster rates than B16 melanomas (Table II) but their maximum diameters were comparable and fewer cancer cells were detected in the circulation of mice bearing melanomas than carcinomas of similar size. Some of the factors affecting these differences are discussed later. As with the Lewis carcinoma, in addition to daily variation, there were variations between individual mice, in the numbers of circulating cells (Table II) but the range of these fluctuations was narrower than in the Lewis carcinoma system. Melanoma cells were also isolated in clump form but cells in groups of more than two were rare and the numbers of clumps, as shown in Table II and Figure 2b , were generally less than those in the blood of Lewis carcinomabearers. Proportions of B16 melanoma cells, ranging from 0-28% throughout tumour growth, were recovered from tumour-bearer blood with attached leukocytes (Figure 2c (Weiss, 1980) . Previous estimates of the numbers of cancer cells in the blood of mice bearing Lewis lung carcinomas have been reported (James & Salsbury, 1974; (Weiss & Ward, 1983) but also their accessibility to the vasculature and the rates at which they are removed from the circulation. Each of these determinants represents a complex process which may be independently variable in different tumour types. Thus, the extreme vascularity of the Lewis lung carcinomas reported previously and also seen here, is not observed in the B16 tumours which have comparatively few, small, blood vessels. Therefore, no attempt will be made to compare the behaviour of the tumours on a mechanistic basis; the data refer to numbers of circulating cancer cells regardless of their mode of entry into the bloodstream. The purpose of the present study is restricted to relating, in two distinct tumour types, the numbers of cancer cells released into the blood with the size of the primary tumours generating them and to seek correlation between the numbers of circulating cancer cells and metastatic status, as summarized in Table III . Of the 6 parameters measured, 3 were numerically correlated with the incidence of spontaneous metastases. Whatever the mechanism of entry into the blood-stream, the greater numbers of cancer cells found in animals bearing Lewis carcinomas were consistent with the greater frequency of metastasis from this tumour on at CIRCULATING CANCER CELLS AND METASTASIS least a semi-quantitative basis. However, the numbers of circulating cancer cells in both the Lewis and B16 tumours were orders of magnitude greater than the numbers of spontaneous metastases from either tumour, which reinforces the concept that metastasis is an inefficient process in terms of cancer cell economics (Weiss, 1980 (Weiss, , 1982 . Pulmonary retention experiments with radiolabelled cells indicated that the death of cancer cells shortly after their arrest in the lung vasculature is probably a major contributor to this inefficiency. However, it remains possible that cells shed spontaneously from primary tumours may not be viable or tumorigenic before entry into the pulmonary vasculature. In the present experiments an indication of the viability of circulating cancer cells has been expressed in terms of dye exclusion. Extensive studies combined with bioassays are obviously required to characterize the tumorigenic potential of circulating cancer cells.
These experiments have been made and the results show that almost all circulating cells are potentially tumorigenic but these studies will be reported in depth elsewhere (Mayhew & Glaves, in preparation) However, for the present, the results will be simply interpreted to indicate that the majority of circulating cells were viable.
Whilst variations in the rates of shedding from individual tumours caution against averaging procedures, these fluctuations do illustrate the complexity of the processes involved in metastasis. These fluctuations were not artefactual since they were not observed in recoveries of the artificial mixtures of known numbers of cancer cells and normal blood. They also suggest that the release of cancer cells into the circulation probably occurs sporadically so that samples taken over short periods will necessarily contain variable numbers of cells. Recent studies with a mouse lymphoma (Schirrmacher & Waller, 1982) showed similar fluctuations in the numbers of cancer cells isolated from individual mice at different stages of tumour growth.
In the experiments to evaluate cell loss during the isolation procedures artificial mixtures of enzymedispersed cancer cells and blood were used. It is well-known that proteolytic digestion alters cell surfaces and it has been shown that at least some types of cancer cells lose appreciable dry mass as a result of trypsin treatment (Weiss, 1958) . It is therefore possible that separation experiments involving enzyme-treated cells may be inappropriate to recovery experiments made on the venous blood of tumour-bearing mice. However, local enzyme activity is one of the factors which contribute to the separation of cancer cells from the primary tumour (Poole, 1973; Weiss & Ward, 1983 ) and the results are not necessarily artefactual.
Tumour cell aggregates have previously been shown to generate disproportionately more lung colonies than equivalent numbers of single cells after tail-vein injections (Liotta et al., 1976; Fidler, 1973) and the yield of spontaneous metastases was also related to the release of clumps from T241 fibrosarcomas (Liotta et al., 1974 (Fidler et al., 1977; Weiss & Glaves, 1976 ) and non-specific defence factors (Glaves, 1980; Riccardi et al., 1979) involved in clearance of arrested cancer cells from the lungs.
In this study the numbers of circulating tumour cells with adherent lymphocytes was the second most quantitatively correlated factor related to metastatic potential. These observations were especially interesting since previous reports have indicated that lymphocyte attachment to B16 melanoma variants following in vitro incubation variably affected their lung colonization potential depending upon the numbers and tumoursensitization status of the attached lymphocytes (Fidler, 1975) . Also, the metastatic T241 fibrosarcoma spontaneously shed cells in association with leukocytes (Liotta et al., 1974) but, as in the present study, the mechanism of the contribution of adherent leukocytes to the success or failure of the metastatic process could not be determined.
The pulmonary arrest patterns of radiolabelled cells injected into tail veins were similar in both B16 melanoma and Lewis lung carcinoma systems. However, as shown by the present and previous observations (Fidler, 1970; Glaves, 1980; Weiss, 1980) In conclusion, these studies provide quantitative data on spontaneous cancer cell input into the metastatic cascade. They also identify particular points in the cascade at which two tumours with different metastatic frequencies diverge in their behaviour. However, it is the behaviour of B16 and Lewis cells before they reach the organ of arrest and potential secondary growth which is more directly related to their overall rates of spontaneous metastasis. Commonly used experimental models of metastasis involve i.v. injection of cancer cells which bypasses earlier stages of the process, yet these earlier stages seem to be major contributors to the successful development of metastases.
Indeed, it appears that the low lung colonization potential of Lewis carcinoms cells is compensated for during spontaneous metastasis by the high numbers of single and clumped cells shed into the circulation from the primary tumour.
